Introduction: Colorectal cancer is common in developed countries. Polyunsaturated fatty acids (PUFAs) have been reported to possess tumoricidal action, but the exact mechanism of their action is not clear.
Introduction
Colorectal cancer (CRC) is common in both men and women, accounting for approximately 9% of mortality due to cancer each year [1, 2] . The high incidence of colon cancer has been attributed to the replacement of the traditional, high-fiber, low-fat, and low-calorie diet by a high fat, low-fiber, and calorie dense diet [3] . This suggests that dietary intervention may form an innovative way to decrease the occurrence of colorectal cancer. Fish and vegetable oils such as flaxseed, mustard, and canola that are good sources of polyunsaturated fatty acids (PUFAs) have been reported to alter the incidence of cancer including colorectal cancer [4, 5] . Epi-demiological studies showed that increased consumption of long chain PUFAs, especially n-3 fatty acids, is inversely correlated with colorectal cancer incidence [6] . Several in vitro studies have shown that PUFAs have growth-inhibitory and pro-apoptotic effects on colon cancer cells such as HT-29, HCT116, SW480, SW620, and Caco-2 [7] [8] [9] [10] .
Apoptosis is a key process of programmed cell death, which plays a crucial role in maintaining cellular homeostasis between cell division and cell death [11] . The Bcl-2 family members involved in apoptotic cell death play a vital role in regulating the outer mitochondrial membrane permeabilization [12] . Alterations in the mitochondrial membrane permeability could trigger release of cytochrome C into the cytoplasm, which activates caspases that, in turn, induce apoptosis. Despite extensive research conducted on the apoptotic mechanism(s) of PUFAs in colon cancer, relatively little is known about the effects of PUFAs on mitochondrial function that plays an important role in cellular energy metabolism and free radical generation. Previously, we showed that LA induced apoptosis of LoVo and RKO cancer cells by augmenting cellular oxidative stress and mitochondrial dysfunction [13] .
In an extension of our previous study [13] , in the present investigation we examined the effect of n-3 (ALA, EPA and DHA) and n-6 (LA, GLA and AA) PUFAs on LoVo and RKO colon cancer cells in vitro and evaluated whether the apoptotic process triggered by these fatty acids is mediated by changes in mitochondrial membrane potential, generation of ROS, intracellular Ca 2+ , ATP level, caspase-9, caspase-3 and expression of Bcl-2 and Bax.
Material and methods

Materials
α-Linolenic acid (ALA, 18 : 3 n-3), eicosapentaenoic acid (EPA, 20 : 5 n-3,) docosahexaenoic acid (DHA, 22 : 6 n-3), linoleic acid (LA, 18 : 2 n-6), γ-linolenic acid (GLA, 18 : 3 n-6), arachidonic acid (AA, 20 : 4 n-6,) and 5-FU (5-fluorouracil) were obtained from Sigma (St. Louis, MO, USA). ALA, EPA, DHA, LA, GLA, and AA were dissolved in anhydrous ethanol and stored as stock solutions (20 mM) at -20°C. Also, 50 mM of 5-FU was dissolved in high purity water as a stock solution. For all studies, fatty acids and 5-FU were freshly prepared from stock solutions with cell culture media.
Cell culture
For the present study, the undifferentiated colon cancer cell line LoVo and the semi-differentiated colon cancer cell line RKO were purchased from the Institute of Biochemistry and Cell Biology, Shanghai Institute for Biological Sciences, Chinese Academy of Sciences, and were cultured in RPMI Medium 1640 (Gibco) and grown in a humidified 37°C, 5% CO 2 incubator. The medium was supplemented with penicillin (100 U/ml), streptomycin (100 U/ml) and 10% fetal bovine serum. The medium was replaced every 2 days.
MTT assay
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay was used to evaluate the effect of unsaturated fatty acids on cell viability [14] . LoVo cells were plated in 96-well plates with a volume of 190 μl at a density of 1 × 10 5 cells/ml per well, while the density of RKO was 5 × 10 4 cells/ml. Twenty-four hours after seeding, both LoVo and RKO cells were exposed to different concentrations of various fatty acids and 5-FU in a volume of 10 μl for 24, 48, and 72 h. At the end of the incubation time, the medium was removed and 20 μl of 5 mg/ml MTT was added to each well, incubated at 37°C for an additional 4 h, at the end of which the colored formazan was dissolved in 150 μl of dimethyl sulfoxide (DMSO). The percentage of viable cells was calculated by measuring the absorbance of the colored formazan reaction product at 490 nm using a plate reader.
Apoptotic analysis
LoVo and RKO cells seeded in 6-well plates were supplemented with different doses of various fatty acids. At the end of the study period, cells were detached by treatment with trypsin followed by centrifugation at 1500 rpm for 5 min, and washing twice with cold PBS. Subsequently, cells were suspended gently in 400 μl of Annexin V-FITC binding buffer and then stained with 5 μl of Annexin V-FITC and 10 μl of PI according to the manufacturer's instructions (Bestbio, Shanghai, China). Cell apoptosis was performed immediately by flow cytometer after staining the cells with Annexin V-FITC/PI.
Oil red 'O' stain
Oil red 'O' stain was used to evaluate lipid droplets formed in the cytoplasm of LoVo and RKO cells supplemented with various fatty acids [15] . Oil red 'O' stock solution was prepared by dissolving 2.5 g of Oil red 'O' in 100 ml of isopropanol. A stock solution of oil red 'O' was diluted with double distilled water for staining fatty acid-treated cells. Twenty-four hours after seeding, LoVo and RKO cells in 24-well plates were supplemented with various PUFAs and 5-FU for 48 h. At the end of the treatment period, the medium was removed and cells were washed twice with PBS and fixed in 10% formalin for 10 min. Cells were washed three times with PBS, dried for 20 min at room temperature, and stained with 0.5 ml oil red 'O' working solution for 30 min. The cells were photographed after washing twice with 60% isopropanol and double distilled water.
Measurement of mitochondrial membrane potential, reactive oxygen species and Ca
2+ concentration
Twenty-four hours after seeding, LoVo and RKO cells in 6-well culture plates were supplemented with various PUFAs and 5-FU for 48 h. At the end of the incubation time, cells were harvested and washed twice with PBS and then treated with the ROS indicator DCFH-DA [16] (10 μM), the mitochondrial membrane potential indicator Rhodamine 123 (1 μM) and the calcium probe Fluo-3 AM (3 μM) and incubated at 37°C for 30 min in the dark. Fluorescence intensity was measured by using a fluorescence microscope according to the manufacturer's instructions (Beyotime Institute of Biotechnology, Nangtong, China).
Lipid peroxides in PUFA-supplemented cells
LoVo and RKO cells supplemented with various PUFAs and 5-FU for 48 h were harvested using trypsin, and washed twice with PBS. Cells was disrupted using an ultrasonic cell disruption system followed by centrifugation at 1000×g for 5 min, and the pellet was re-suspended gently in 200 μl of PBS. The levels of malondialdehyde (MDA) (taken as a measure of total lipid peroxides formed) in the cells were determined by the commercial MDA assay reagent kit according to the manufacturer's instructions (Nanjing Kaiji Bioengineering Institute, Nanjing, China).
ATP assay
Cellular content of ATP was measured by liquid chromatography as described previously [14] . LoVo and RKO cells were seeded in 6-well plates and allowed to grow for 24 h. Subsequently, cells were supplemented with different concentrations of ALA, DHA, EPA, LA, GLA, DHA and 5-FU for 72 h. At the end of the incubation period of 72 h, cells were harvested and washed twice with cold PBS. Cells were subsequently homogenized with 1 ml of perchloric acid (0.5 M) in an ice bath for 10 min, centrifuged at 10,000 rpm for 5 min, then 450 μl of cold KOH (1 M) was added to the collected supernatant for 5 min in the ice bath, and the mixture was centrifuged at 10,000 rpm for 5 min. The samples were assessed for their ATP content by high-performance liquid chromatography as described previously [14] .
Measurement of the activities of caspases-9 and -3
The activities of caspase-9 and caspase-3 were assessed by using the Caspase Activity Kit according to the manufacturer's instructions (Beyotime Institute of Biotechnology, Nangtong, China). In brief, LoVo and RKO cells were treated with various PUFAs and 5-FU for 48 h, washed twice with PBS, and resuspended in lysis buffer for 15 min in the ice bath. The mixture was centrifuged at 16,000 for 15 min at 4°C. The supernatants were collected and protein concentrations were adjusted to 1-3 mg/ml. The supernatants were mixed with caspase-3 and caspase-9 reaction substrates separately and incubated for 4 h at 37°C. The activities of caspase-3 and caspase-9 were identified by measuring the absorbance of the reaction product at 405 nm.
Total RNA isolation and quantitative real-time PCR analysis for expression of Bcl-2 and Bax
For total RNA isolation, LoVo and RKO cells were cultured in 6-well plates and treated with various PUFAs and 5-FU for 48 h. Total RNA was extracted from LoVo and RKO cells with TRIzol reagent (Haogene Biotech, Hangzhou, China) as per the manufacturer's instructions. The concentrations of RNA were determined by spectrophotometric assay (Eppendorf, Germany). The cDNA was synthesized from 500 ng of RNA using the 1st-Strand cDNA Synthesis Kit according to the manufacturer's instructions (Haogene Biotech, Hangzhou, China). Table I . Real-time quantitative PCR (RT-PCR) was performed with Power SYBR Master Mix (Haogene Biotech, Hangzhou, China). The total reaction volume was 25 μl: 10.5 μl of double distilled water, 12.5 μl of Power SYBR Master Mix (2×), 0.5 μl of PCR-F (10 μM), 0.5 μl of PCR-R (10 μM), and 1.0 μl of cDNA. Human 18S expression was used as an internal control. All experiments were conducted three times independently for reproducibility of the results obtained.
Statistical analysis
Each experiment was repeated at least three times and the data were analyzed with SAS 8.0 software. The results are expressed as means ± SD. All data were analyzed using the ANOVA procedure with significance analysis at the p < 0.05 level.
Results
Cell proliferation and viability
It is evident from the results shown in Figures  1-7 that the growth of LoVo and RKO cells was suppressed by all the fatty acids and 5-FU tested in a dose-and time-dependent manner. At low concentrations (0-50 μM), ALA, DHA and LA caused a slight increase in the growth of LoVo cells, while EPA produced a non-significant increase in the growth of RKO cells. It is obvious that both PUFAs and 5-FU were more effective in inhibiting the growth of RKO compared to LoVo cells, suggesting that semi-differentiated colon cancer cells (RKO) were more sensitive to the actions of PUFAs and 5-FU than the undifferentiated colon cancer cells LoVo. Based on these results ( Figures  1-7) , we selected the most effective concentrations of various fatty acids for further studies as depicted below: ALA (150 μM), EPA (150 μM), DHA (150 μM), LA (150 μM), GLA (300 μM), AA (150 μM), 5-FU (10 μM) to test on LoVo cells 
PUFAs induce apoptosis in colon cancer cells
It is evident from the results shown in Figure 8 that all the fatty acids tested were capable of inducing apoptosis of both LoVo and RKO cells. Of all the fatty acids tested, n-3 fatty acids DHA and EPA and n-6 fatty acids AA and GLA were found to be more effective in inducing apoptosis of LoVo and RKO cells compared to other fatty acids.
Lipid droplets in colon cancer cells supplemented with PUFAs
The accumulation of lipid droplets in the cytoplasm of LoVo and RKO cells in response to the supplementation of various PUFAs and 5-FU was evaluated by light microscopy. PUFA-supplemented LoVo and RKO cells showed an increased number and size of lipid droplets in their cytoplasm compared to the control (Figure 9 ). However, anticancer drug 5-FU supplemented cells displayed much fewer lipid droplets when compared to PUFA supplemented cells.
Effects of PUFAs on ∆ψm, ROS and Ca 2+ in colon cancer cells
The spatial variation of ∆ψm in colon cancer cells treated with various fatty acids and 5-FU was estimated utilizing rhodamine-123, a fluorescent dye that accumulates rapidly and specifically within the mitochondria in varying amounts depending on the membrane potential [17] . As illustrated in Figure 10 , after exposure to various fatty acids and 5-FU, significant loss of mitochondrial membrane potential was noted in comparison to the control in both LoVo and RKO cells, suggesting induction of cell apoptosis through dysfunction of mitochondria. All the fatty acids tested (ALA, DHA, EPA, LA, AA, GLA) showed a similar effect on ∆ψm in RKO cells, while AA and GLA were more effective in reducing mitochondrial potential in LoVo cells.
PUFAs and 5-FU induced a significant increase in the production of ROS (reactive oxygen species) in LoVo and RKO cells (Figure 10) . Similarly, PUFAs and 5-FU produced a significant increase in intra- 
Levels of lipid peroxides
The results of this study shown in Figure 11 revealed that significantly higher amounts of lipid peroxides (measured as total MDA) were formed a sensitive parameter to study mitochondrial dysfunction [18] . The results presented in Figure 12 show that supplementation with PUFAs produced a significant reduction in the generation of ATP in
LoVo and RKO cells. In this context, it is interesting to note that 5-FU inhibited ATP synthesis in LoVo cells but not in RKO cells. Effects of PUFAs on the caspase-3 and caspase-9 activity of colon cancer cells
Activation of caspases leads to the onset of apoptosis [19, 20] . Hence, we examined the effect of various PUFAs on the activities of caspase-3 and caspase-9. The results of this study presented in Figure 13 indicate that activities of both caspase-3 and caspase-9 were increased in LoVo and RKO cells when supplemented with various PUFAs and 5-FU, though certain fatty acids (ALA, DHA and EPA) produced a much higher increase in the activities of caspases compared to other fatty acids.
Effects of PUFAs on the expression of Bcl-2 and Bax
The Bcl-2 family plays a significant role in apoptosis and regulates mitochondrial outer mem-
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Arch Med Sci 5, October / 2015 Ratio of Bax/Bcl-2 (% of CK) brane integrity [12] . In the present study, we measured the activities of the pro-apoptotic factor Bax and the anti-apoptotic factor Bcl-2 and the reference gene Human 18S RNA using real-time PCR following supplementation of PUFAs and 5-FU. The results, given in Table II , showed up-regulation of Bax and down-regulation of Bcl-2 following supplementation of PUFAs and 5-FU. Since the ratio between Bax and Bcl-2 expression is a key factor in the regulation of apoptosis [21] , we calculated the Bax/Bcl-2 ratio for various treatments employed and these results are given in Figure 14 . It is observed that LoVo cells showed a much higher Bax/Bcl-2 ratio compared to RKO cells following supplementation with PUFAs and 5-FU, though the ratio was significantly higher compared to the control in both the cell types. The most pronounced effect among the PUFAs was recorded in the case of ALA and GLA in LoVo cells.
Discussion
Many studies showed that n-3 and n-6 PUFAs possess growth inhibitory actions on normal and tumor cells, with more significant action on the latter [22] [23] [24] [25] . The results of the present study are in support of this action of PUFAs. It is evident from the results shown in Figures 1-7 that under the conditions employed both n-3 (ALA, EPA, DHA) and n-6 (LA, GLA, AA) fatty acids induce apoptosis of the colorectal cancer cells LoVo (undifferentiated) and RKO (semi-differentiated). The effect of n-3 and n-6 fatty acids on LoVo and RKO cells seems to be dependent to some extent on the dose of the fatty acids employed, as evident from the results shown in Figures 1-7 wherein lower concentrations (< 50 μM) of ALA, EPA, DHA, LA and AA actually enhanced the growth (but not to a significant degree), though the effect was more evident on RKO cells compared to LoVo. It is interesting to note that the semi-differentiated colon cancer cell line RKO showed more sensitivity to the cytotoxic action of PUFAs compared to the undifferentiated colon cancer cell line LoVo. These results are in support of our previous study wherein we observed that RKO cells may metabolize PUFAs more efficiently to toxic metabolites (such as lipid peroxides) compared to LoVo cells [13] . Alternatively, LoVo cells may convert PUFAs to non-toxic metabolites or detoxify fatty acids more efficiently compared to RKO cells. But, paradoxically, formation of lipid peroxides measured as MDA-reactive substances was found to be much lower in RKO compared to LoVo cells on supplementation with various PUFAs. These results suggest that, possibly, PUFAs are converted into less toxic metabolites other than peroxides by LoVo cells.
Apoptosis plays a crucial part in maintaining cellular homeostasis [11] . The MTT assay detects necrotic and normal cells. To confirm that PUFAs induce apoptosis of LoVo and RKO cells, we performed flow cytometric analysis with Annexin V and PI double staining. These results showed that PUFAs (ALA, EPA, DHA, LA, GLA and AA) and 5-FU induced apoptosis of LoVo and RKO cells.
As expected, PUFAs-treated cells showed a significant increase in the accumulation of lipid droplets compared to 5-FU supplemented and control cells. These results suggest that supplemented PUFAs accumulate in the form of triglycerides in the cells. This is probably in addition to their incorporation in the cell membrane lipid pool.
Mitochondria participate in cellular energy metabolism, free radical generation and apoptosis [12, [26] [27] [28] . Mitochondrial dysfunction leads to a decrease in cellular ATP content [29] . The results of the present study showed that supplementation of PUFAs leads to a loss of mitochondrial membrane potential and a decrease of ATP content in LoVo and RKO cells. It was also noted that PUFAs enhanced ROS generation and intracellular Ca 2+ content and activated caspases-3 and 9 in LoVo and RKO cells, which resulted in the induction of apoptosis, which is supported by the observation that an increase in Bax/Bcl-2 ratio occurred in PUFA-treated cells.
In conclusion, the results of the present study showed that n-3 (ALA, EPA, DHA) and n-6 (LA, GLA, AA) fatty acids induce apoptosis of LoVo and RKO cells by a combination of mechanisms that include enhanced generation of ROS, accumulation of intracellular Ca 2+ , activation of caspases, and a decrease in mitochondrial membrane potential and ATP level, suggesting a major role for the mitochondria-mediated pathway. Based on the present findings, further studies are needed to know whether a combination of PUFAs and conventional anti-cancer drugs would form a rational approach in the management of colon cancer. This aspect of combination of conventional anti-cancer drugs and PUFAs for management of cancer is especially relevant since previously we and others [30] [31] [32] [33] [34] [35] have shown that PUFAs enhance uptake and decrease efflux of anti-cancer drugs and thus enhance their (anti-cancer drugs) intracellular concentration, rendering tumor cells more susceptible to apoptosis. In an extension of this study, we also showed that PUFAs can reverse tumor cell drug resistance [36] . These studies support the non-cardiovascular benefits of PUFAs [37] in the clinic. Hence, more studies are needed to explore the possible use of combinations of conventional anti-cancer drugs and PUFAs in the prevention and management of cancer.
